The appearance of vacuoles inside acinar cells characterizes an early stage of development in different models of acute pancreatitis and, possibly, also in human disease. The vacuoles have been shown to contain both digestive and lysosomal enzymes. This abnormal admixture may have important implications for the pathogenesis of pancreatitis because the lysosomal enzyme cathepsin B can activate trypsinogen and may, by this way, trigger pancreatic autodigestion. For the activation process of trypsinogen by cathepsin B, however, an acidic pH is required. This study, therefore, looked for evidence of vacuole acidification in two different models of acute pancreatitis. Edematous pancreatitis was induced in rats by hyperstimulation with cerulein and hemorrhagic pancreatitis was induced in mice by feeding a choline-deficient, ethionine-supplemented diet. Pancreatic acinar cells were isolated at different times after induction of pancreatitis and incubated with 50 MM of acridine orange to identify acidic intracellular compartments. As shown in previous work, zymogen granules are the main acidic compartment of normal acinar cells; they remained acidic throughout the course of pancreatitis in both models. Vacuoles became increasingly more frequent in both models as pancreatitis progressed. Throughout development of pancreatitis, vacuoles accumulated acridine orange indicating an acidic interior. Addition of a protonophore (10 uM monensin or 5 MM carbonyl cyanide m-chlorophenylhydrazone [CCCP] or a weak base (5 mM NH4Cl) completely and rapidly abolished acridine orange fluorescence inside both zymogen granules and vacuoles providing further evidence for an acidic interior. The acidification of vacuoles seen in two different models of pancreatitis may be an important requirement for activation of trypsinogen by cathepsin B and thus for the development of acute pancreatitis.
Introduction
The appearance ofvacuoles inside acinar cells characterizes an early stage of development in different models of acute pancreatitis (1) (2) (3) (4) (5) (6) (7) (8) and possibly also in human disease (9) . These vacuoles have been shown to contain at the same time digestive and lysosomal enzymes suggesting abnormal intracellular processing of newly synthesized digestive and lysosomal enzymes in acute pancreatitis (5, (10) (11) (12) . Physiologically, digestive and lysosomal enzymes are synthesized in ribosomes attached to the rough endoplasmic reticulum. They migrate through this compartment and are transported to the Golgi complex. During maturation of condensing vacuoles, the digestive and lysosomal enzymes diverge into zymogen granules and lysosomes. In the two models of pancreatitis used for the present experiments this normal routing ofenzymes is altered. Both in hemorrhagic pancreatitis induced by feeding a choline-deficient, ethionine-supplemented (CDE)' diet to mice, and in edematous pancreatitis induced by cerulein hyperstimulation in rats, normal secretion of digestive enzymes via exocytosis of zymogen granules is markedly decreased and intracellular vacuoles appear early in the course of pancreatitis (1) (2) (3) (4) (5) (6) (7) (8) (10) (11) (12) . The abnormal admixture of digestive and lysosomal enzymes inside the vacuoles may have important implications for the initiation of pancreatitis because is is known that the lysosomal hydrolase cathepsin B can activate trypsinogen in vitro (13) . Activation of trypsinogen in vivo may trigger the autodigestive process in acute pancreatitis. Cathepsin B can activate trypsinogen, however, only at an acidic pH (13) . Thus, the pH inside the vacuoles needs to be acidic for this activation process to occur. Therefore, the aim of this study was to look for evidence of vacuole acidification in the two models of acute pancreatitis. We also examined the acidification of zymogen granules under the pathological conditions of acute pancreatitis.
Methods
Materials Hyaluronidase (type 1-S), alpha-chymotrypsin, collagenase (type 2139), soybean trypsin inhibitor (type 1-S), DNAse (type 1), N-2-hydroxyethylpiperazine-N-2-ethanesulfonic acid (Hepes), carbonyl cyanide m-chlorophenylhydrazone (CCCP), monensin, bovine serum albumin were purchased from Sigma Chemical Co. (St. Louis, MO).
Acridine orange (AO) was purchased from Kodak (Rochester, NY). CCCP and monensin were prepared in absolute ethanol stock solutions. Cerulein was purchased from Adria Laboratories (Columbus, OH). The choline-deficient diet was purchased from Teklad (Madison, WI). DL-Ethionine (Sigma Chemical Co.) was mixed with the cholinedeficient diet to yield a final concentration of 0.5% ethionine (wt/wt). Induction ofexperimental acute pancreatitis Cerulein-induced pancreatitis. Male Sprague-Dawley rats weighing 200-300 g (Simonsen Laboratories, Gilroy, CA) were used in these studies. Rats were fed regular chow ad lib. throughout the experiments. All animals received seven intraperitoneal injections of 50 ,ug/kg body wt cerulein in hourly intervals over a 6-h period. This treatment with a supramaximal dose of the cholecystokinin (CCK)-analogue cerulein results in a rapid decrease of normal ductal pancreatic secretion, in an increase in pancreatic enzymes in serum, and the morphological signs of an acute edematous pancreatitis (2) (3) (4) (5) . Intracellular vacuoles are one ofthe earliest morphological alterations and start to appear during the first 3 h, after the beginning of the cerulein injections, which was selected as the earliest time point of preparation and examination of cells. During the further development of pancreatitis almost all acinar cells contain multiple vacuoles (Fig. 1 E-F and K-L). On electronmicrographs these vacuoles contain zymogen granules and other partly digested intracellular compartments (4, 8) . The vacuoles are an early histological alteration in this model and do not further increase in size and number at time points later than 8-12 h after start of the cerulein injections. Therefore, the time point of 10 h after the beginning of the cerulein injections was selected for the latest cell preparation in this model.
Diet-induced pancreatitis. Female Swiss-Webster mice (Simonsen Laboratories), 4-6 wk old and weighing 12-15 g, were used in these studies. The mice had been fed regular laboratory chow before the experiments. This regular laboratory diet was then replaced by a choline-deficient, ethionine-supplemented (0.5%) diet (CDE diet; Teklad test diets) that is known to induce a severe hemorrhagic pancreatitis (1, (6) (7) .
Early in the time course of both cerulein-and diet-induced pancreatitis, there was a dramatic decrease in ductal secretion and a concomitant increase in serum of pancreatic enzymes (1, (6) (7) . Also similar to cerulein-induced pancreatitis, appearance of intracellular vacuoles is one of the earliest morphological alterations in this model (1, (6) (7) . After 30 h of feeding the CDE diet, intracellular vacuoles are the predominant histological feature without major signs ofinflammation, necrosis, or hemorrhage, which all appear later in this model (6) (7) (8) .
The time point of 30 h was, therefore, chosen as the earliest time for preparation and examination of cells. The vacuoles in diet-induced pancreatitis appear similar to those seen in cerulein-induced pancreatitis when assessed by both histological and electron micrograph appearance. As the diet-induced pancreatitis progresses, necrosis and hemorrhage become increasingly predominant. Animals start to die from the hemorrhagic pancreatitis after 60 h on the diet. This time point was selected as the latest time point at which cells were prepared and examined. At later time points it was not possible to distinguish zymogen granules from intracellular vacuoles due to the huge accumulation of both intracellular compartments.
Preparation ofdispersed pancreatic acinar cells
Dispersed acinar cells were prepared from rat or mouse pancreas at various times after induction of pancreatitis, by previously described techniques (14, 15) . After sacrifice of the animal, the pancreas was quickly removed and put in Hepes-buffered Ringer solution (HR) (pH 7.4), which was equilibrated with 100% 02 and kept at 37°C throughout the experiments. One pancreas was used for rat experiments; for mouse experiments four to five pancreases were pooled to prepare cells. The same preparative method was then used for rat and mouse pancreas. Dissociation was initiated by injection of 5 ml of HR containing 100 U/ml collagenase, 10 U/ml alpha-chymotrypsin, and 100 U/ml hyaluronidase into the glandular parenchyma which was then minced into small fragments and incubated in 10 ml HR containing the dispersion enzymes for 15 min with shaking at 120 cycles/min. The medium was then replaced with 10 ml of Ca2+-Mg2+-free HR containing 1.0 mM EDTA, and incubation was continued for 15 min. Pancreatic fragments were then returned to 10 ml HR containing the dispersion enzymes for a final 20-min incubation. The medium was then replaced by 10 ml of Ca2+-Mg2+-free HR containing 2 mg/ml bovine serum albumin, 0.1 mg/ml soybean trypsin inhibitor, and 10 U/ml DNAse. The fragments were dispersed by repeatedly pipetting them with a silicon-treated Pasteur pipette. This morphometric analysis yielded highly reproducible results measuring the percentage area occupied by zymogen granules and the corresponding red-orange (acidic) compartments in normal pancreatic cells, with a coefficient of variation of< 1%. In cells from animals with experimental acute pancreatitis, one has not only to identify the zymogen granules and the corresponding red-orange (acidic) compartments, but to also distinguish zymogen granules from vacuoles both in the phase contrast and in the fluorescent micrographs. In cerulein-induced pancreatitis, zymogen granules and vacuoles could easily been identified and distinguished both on phase contrast and fluorescent micrographs with a coefficient of variation of 2-3% on 20 consecutive measurements. In diet-induced pancreatitis, exact differentiation of zymogen granules from vacuoles could reliably be done only during the first 48 h of pancreatitis. At this time point, the coefficient of variation increased to 3-5% due to the massive increase in both zymogen granules and vacuoles that became increasingly difficult to differ-230 C. Niederau and J. H. Grendell entiate as the pancreatitis progressed. After feeding the diet for 60 h, differentiation of zymogen granules and vacuoles was no longer possible. Therefore, for this late time point in diet-induced pancreatitis, only the combined area of zymogen granules plus vacuoles and the combined area of all red-orange compartments were measured on phase contrast and fluorescent micrographs, respectively. This combined measurement, however, yielded highly reproducible results with a coefficient of variation of 1-2%.
In an additional analysis, a regression analysis was carried out comparing the combined areas of zymogen granules and vacuoles identified on phase contrast micrographs versus the combined areas of all red-orange compartments identified on fluorescent micrographs including all time points studied during the course of pancreatitis in both models.
Statistical analysis. Means of morphometric measurements at different times after induction of pancreatitis were statistically compared for significant differences by analysis of variance using Duncan's methods (16) (17) . Significance was assumed for P . 0.05.
Results
Cells from normal mouse and rat pancreas. Fluorescence microscopy of normal rat or mouse acinar cells incubated with 50 ,um AO for 1-2 min showed large red-orange fluorescent compartments in the cytoplasm (rat pancreatic cells are shown in Fig. 1 B; zymogen granules from mouse pancreatic acinar cells had a similar appearance both on phase contrast and fluorescence micrographs and are not shown). These orange compartments exactly corresponded to areas occupied by zymogen granules identified on the corresponding phase contrast micrographs ( Fig. 1 A, B) , as previously reported (18). It is known that AO accumulates inside acidic compartments where it undergoes a concentration-dependent shift to red-orange fluorescence. Therefore, acidic compartments fluoresce red-orange against a green cytoplasmic background. Such orange fluorescence may, however, also be due to nonspecific binding of AO to cellular structures. In order to establish that orange fluorescence of zymogen granules is due to an acidic interior and not due to nonspecific binding, cells were exposed to agents known to dissipate pH gradients. Addition of 10 ,M monensin or 5 uM CCCP completely abolished orange fluorescence in zymogen granules within 1-2 min, as did a 5-10-min exposure to the weak base NH4Cl (10 mM) (rat acinar cells in the presence ofCCCP are shown in Fig. 1 a, b ; acinar cells isolated from rat or mouse pancreas in the presence of monensin or NH4Cl yielded equivalent images and are not shown) (18). Previous studies (18) have shown that this acidification of zymogen granules is due to a reversible, active, and ATP-dependent process similar to that reported for proton pumps in other secretory or endocytic vesicles (19) (20) (21) .
Cerulein-inducedpancreatitis. Throughout the time course of cerulein-induced pancreatitis, intracellular vacuoles could easily be identified on the phase contrast micrograph; and they exactly corresponded to orange acidic (vacuole-like) compartments shown on the corresponding fluorescent micrographs ( Fig. 1 C-F) . Also, the vacuoles could reliably be distinguished from zymogen granules both on phase contrast and on fluorescent micrographs in this pancreatitis model. Intracellular vacuoles increased in size and number during the first 10 h of cerulein-induced pancreatitis. 3 h after the start of the cerulein injections vacuoles occupied -5% of the cytoplasmic area (Fig. 2 A) . This area increased to 10% after 6 h and 15% after 10 h (Fig. 2 A) . Later in the time course there was no further increase (data not shown). The morphometric analysis also demonstrates that the cytoplasmic area covered by vacuoles on phase contrast micrographs exactly corresponded to the areas of vacuoles identified as red-orange acidic compartments on fluorescent micrographs throughout the time course of pancreatitis (Figs. 2 A and 3) . This indicates that all vacuoles remained acidic during the early course of cerulein-induced pancreatitis.
Zymogen granules were acidic in cells isolated from both normal rats and from cerulein-treated animals. In contrast to the vacuoles, there was no significant increase in the cytoplasmic area covered by zymogen granules during the course of cerulein-induced pancreatitis (Fig. 1 C-F) . The area occupied by zymogen granules as identified on phase contrast micrographs exactly corresponded to the area occupied by red-orange granules identified on fluorescent micrographs and remained constant throughout the time course of cerulein-induced pancreatitis covering between 13 and 15% of cytoplasm (Fig. 2 A) . Thus, all zymogen granules remained acidic as the pancreatitis progressed.
Diet-induced pancreatitis. In diet-induced hemorrhagic pancreatitis, the vacuoles seen on phase contrast micrograph again exactly corresponded to vacuole-like, orange acidic compartments on the fluorescent micrographs throughout the early time course (Fig. I G-H) . Vacuoles were absent in normal cells and gradually increased to 15% of cytoplasmic area after 48 h (Fig. 2 B) . Up to this time point the percentage area of cytoplasm covered by vacuoles was identical when identified on phase contrast micrographs and when identified as red-orange vacuoles on fluorescence micrographs (Figs. 2 B  and 3) .
In diet-induced pancreatitis, there was a significant intracellular accumulation of zymogen granules (Figs. 1 G-H, 1 K-L, 2 B, and 3), as previously reported (1, (6) (7) (8) . The percentage area of zymogen granules on phase contrast micrographs, however, remained identical compared to the area covered by the corresponding red-orange granules (Figs. 2 B and 3) . This indicates that all accumulating zymogen granules remained acidic throughout the time course ofdiet-induced pancreatitis.
Later during the time course of diet-induced pancreatitis (time points later than 48 h after start of the diet), there was a further accumulation of both zymogen granules and vacuoles inside the acinar cells ( Fig. 1 K-L) . Due to this further increase in both compartments, it became increasingly difficult to distinguish zymogen granules from vacuoles. 60 h after start of the diet, it was impossible to reliably distinguish zymogen granules from vacuoles both on phase contrast and on fluorescent micrographs (Fig. 1 K-L) . Both compartments taken together occupied > 50% of cytoplasm (Fig. 2 B) . The combined area occupied by zymogen granules and vacuoles was identical when measured on phase contrast micrographs and when measured on fluorescent micrographs (Fig. 2 B and 3 -Alm correlation, indicating that both zymogen granules and vacuoles remained acidic throughout the time course in both models; the same very tight linear regression was found when previous morphometric data from fasted rats and from rats after in vivo cholinergic stimulation (18) were included in the present analysis (r = 0.98) (Fig. 3) . Regression analyses also showed a tight linear correlation when calculated separately for zymogen granules or vacuoles or when calculated separately for diet-induced or cerulein-induced pancreatitis (r > 0.90) (data not shown).
Control studies using protonophores and NH4C1. Because it is known that acridine orange may bind to cell structures by mechanisms other than pH gradients, it is necessary to exclude nonspecific binding by addition of compounds that dissipate pH gradients. We used the protonophores monensin and CCCP that rapidly discharge pH gradients (monensin by exchange of K+ or Na' against H' and CCCP by electrogenic movement of H' across the membrane of vesicles), and the weak base NH4Cl that dissipate pH gradients by diffusion of NH3 into acidic compartments and protonation to NH'.
As previously demonstrated (18), AO fluorescence in zymogen granules from normal pancreatic cells was completely dissipated by protonophores and NH4Cl (Fig. 1 a-b) . In both pancreatitis models, these compounds also rapidly and completely dissipated acridine orange fluorescence both in zymogen granules and in vacuoles throughout the time course of pancreatitis ( Fig. 1 c-d and I-J) .
Discussion
The present study provides direct evidence that intracellular vacuoles in two different models of acute pancreatitis are an acidified compartment. Throughout the time course of both pancreatitis models, the intracellular area occupied by vacuoles as identified on phase contrast micrographs corresponded exactly to that area that was covered by the red-orange vacuoles as identified on fluorescent micrographs. This was already apparent by visualizing the localization of vacuoles by phase contrast microscopy and visualizing the localization of the corresponding red-orange, vacuole-like compartments by fluorescence microscopy and was further corroborated by the quantitative morphometric analysis done on phase contrast and fluorescent micrographs of the same cells.
The present results also show that zymogen granules remain acidic throughout the time course ofpancreatitis in both models. The morphometric analysis quantifies and differentiates the accumulation of zymogen granules and vacuoles in both models ofpancreatitis, a feature not previously described. Although the accumulation of vacuoles was very similar for the two different models, a significant accumulation of zymogen granules was seen only in diet-induced pancreatitis.
Control experiments showed that compounds that discharge pH gradients (monensin by exchange of K+ or Na+ for H+; CCCP by electrogenic movement of H+ across the membrane; and NH4CI, which diffuses into the acidic compartment and acts as a proton acceptor) rapidly and completely abolished AO fluorescence both in zymogen granules and vacuoles throughout the time course in both models ofacute pancreatitis. This indicates that accumulation of AO in both zymogen granules, as shown previously (18), and in vacuoles is indeed due to an acidic interior and not due to nonspecific binding of AO to some structural component of these intracellular compartments.
The appearance of vacuoles inside acinar cells character- (1) (2) (3) (4) (5) (6) (7) (8) and possibly also in human disease transported to the Golgi complex. During maturation of con- (9) . Electron micrographs show that these vacuoles contain densing vacuoles, the digestive and lysosomal enzyme diverge zymogen granules and other partly digested cell compartments into zymogen granules and lysosomes. In the two models of (3) (4) (5) (6) 8) . It has also been shown that the vacuoles may at the pancreatitis used for the present experiments this normal same time contain lysosomal enzymes (5, (10) (11) (12) (22) and possibly also fusion of vacuoles and zymogen granules with the basolateral membrane (22) . Vacuoles in both models may contain both digestive enzymes and lysosomal hydrolases (5, (10) (11) (12) A number of recent observations lend further support to the hypothesis that intracellular vacuolization is a general feature in the development of acute pancreatitis and, therefore, may have important pathophysiological implications for the human disease. Recently, we have studied the early morphological changes in acute hemorrhagic-necrotizing pancreatitis in sheep by retrograde infusion of the bile salt sodium taurocholate into the pancreatic duct (8) , similarly to the rat model described previously (26). In this model large areas ofthe pancreas rapidly undergo hemorrhagic necrosis. In the remaining viable acinar cells surrounding the totally necrotic areas contain multiple large intracellular vacuoles that appear very similar to the vacuoles observed in the course of diet-induced or cerulein-induced pancreatitis in the rat or mouse. Thus, in acute pancreatitis produced in three different species by three different means, a similar vacuolization process occurs (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) ). In addition, recent studies by Kloppel et al. (9) have demonstrated intracellular vacuoles during the early course of acute pancreatitis in humans. Thus, an understanding of the characteristics of these vacuoles may yield important information concerning the pathophysiology of clinical acute pancreatitis.
As yet it has not been shown that the intracellular vacuoles from patients with acute pancreatitis also contain both digestive and lysosomal enzymes at an acidic pH. However, the striking similarities in appearance suggest that this may be the case. What also remains to be demonstrated is direct evidence that trypsinogen is activated by cathepsin B in vivo inside vacuoles in acute pancreatitis. However, the present results support the hypothesis that such activation occurs and suggest the need for further studies to investigate the potential for intrapancreatic activation of digestive enzymes by lysosomal enzymes within vacuoles as a central event in the development of acute pancreatitis.
